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ABSTRACT
Evaluations of knee joint disorders and osteoarthritis (OA) are typ-
ically based on patient symptoms, X-ray or magnetic resonance
imaging. However, these techniques are unable to reveal stresses
and strains within the knee joint tissues, especially those of artic-
ular cartilage, and consequently they cannot predict the risk loca-
tions for the onset of OA. Fortunately, computational modeling can
be applied for this purpose.
Knee joint function during physical activities has traditionally
been modelled by implementing a simple linear elastic material be-
havior for articular cartilage. However, it has been shown that the
properties of cartilage are highly depth-, time- and strain-dependent.
Therefore, simplified material behaviours for knee joint cartilages
may lead to incorrect predictions in strain and stress distributions
within the knee joint. On the other hand, the knee joint models with
depth-, time-, and strain-dependent material properties of cartilage
lack realistic joint motion. Thus, a computational model of a knee
joint, in which realistic material description for cartilage and joint
motion is considered, would be a major benefit.
In the present study, the geometry of a knee joint, including the
menisci and femoral and tibial cartilage, was generated based on
the data from magnetic resonance imaging. Cartilage tissues were
modeled as fibril reinforced poroviscoelastic materials, in which es-
pecially alterations in the mechanical properties, depth-wise colla-
gen fibril orientations and superficial collagen fibril patterns, i.e.,
split-lines were considered. Cartilage stresses and strains within
intact, degenerated, repaired, injured and surgically operated knee
joints were studied during axial impact and gait cycle loadings.
Under impact loading of the joint, superficial tissue strains were
minimized in the direction of the split-lines. Degenerative changes
of cartilage in the medial femoral condyle, especially progressively
impaired depth-wise organization of the collagen fibril network,
decreased the contact and pore pressures in the degenerated area,
while those in the lateral femoral condyle cartilage were increased.
Improved collagen fibril stiffness in the repaired cartilage reduced
stress concentrations in the adjacent tissue. During the loading re-
sponse of the gait cycle, higher maximum principal stresses and
fibril strains were predicted in the medial than in the lateral surface
of tibial cartilage. Partial lateral meniscectomy increased especially
contact pressures in the lateral tibial cartilage, while radial tears of
lateral meniscus evoked stress increases especially at the end of the
anterior radial tear.
Based on the present results, characteristic depth-wise collagen
fibril architecture, fibril network stiffness and split-line patterns are
proposed to control stresses and strains of normal, degenerated and
repaired cartilage in a knee joint during impact and dynamic joint
loading. An anterior radial tear of lateral meniscus is postulated
to produce the highest risk for the development of total meniscal
rupture, while partial lateral meniscectomy is estimated to produce
a high risk for the onset of OA. The computational method intro-
duced in the current study may be used for estimating knee joint
stresses and strains, and possible failure points in the joints of pa-
tients. This kind of tool could potentially aid in optimizing treat-
ment and help in the rehabilitation of patients with dysfunctional
knee joints.
Medical Subject Headings: Cartilage, Articular; Collagen; Menisci, Tibial;
Knee Joint; Osteoarthritis; Knee Injuries; Biomechanics; Stress, Mechani-
cal; Gait; Finite Element Analysis
Yleinen suomalainen asiasanasto: nivelet; nivelrusto; nivelrikko; polvet;
kollageenit; biomekaniikka; rasitus; kuormitus; mallintaminen
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ABBREVIATIONS
AC Articular cartilage
ACL Anterior cruciate ligament
ACT Autologous chondrocyte transplantation
AIL Anterior intermeniscal ligament
DOF Degree of freedom
dMCL Deep medial collateral ligament
FCD Fixed charge density
FE Finite element
FEM Finite element method
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GAG Glycosaminoglycan
LCL Lateral collateral ligament
MCL Medial collateral ligament
MFLs Meniscofemoral ligaments
MRI Magnetic resonance imaging
PCL Posterior cruciate ligament
PG Proteoglycan
OA Osteoarthrosis
SYMBOLS
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C Stiffness matrix
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E Young’s modulus
E0 Initial fibril modulus
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E Strain-dependent fibril network modulus
e Current void ratio
e0 Initial void ratio
F Deformation tensor
G Shear modulus
Gm Shear modulus of the non-fibrillal matrix
Gp Shear modulus in plane
Gzp Shear modulus out of plane
h Width/Length
I Unit tensor
J Determinant of deformation tensor
Km Bulk modulus of the non-fibrillal matrix
k Permeability
k0 Initial permeability
M Constant
n f Fraction of fluid
ns Fraction of solid
p Fluid pressure
Q Velocity of fluid flow
S Compliance matrix
Δp Pressure difference

E Elastic strain tensor
 f Fibril strain
φ f Volume fraction for the solid
φs Volume fraction for the fluid
η Damping coefficent
ρz Collagen fibril density
σ
E Effective solid stress tensor
σ
f Fluid stress tensor
σ f Total fibril stress
σ f
i Stress of an individual fibril (i)
σn f Non-fibrillar matrix stress tensor
σ
s Solid stress tensor
σ
t Total stress
σf Fibril stress
σf ,p Primary fibril stress
σf ,s Secondary fibril stress
ν Poisson’s ratio
νm Poisson’s ratio of the non-fibrillar matrix
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1 Introduction
In the knee joint, the ends of distal femur and proximal tibia are
covered by articular cartilage (AC), providing nearly frictionless
sliding between the femur and tibia [33, 118]. Furthermore, carti-
lage in the knee joint has a significant role in transferring and dis-
tributing loads through and within the tibiofemoral joint [33, 118].
Menisci are sickle-shaped structures, located between the lateral
and medial articular surfaces of the femur and tibia [95, 110]. The
main functions of menisci are load distribution, knee stabilization
and shock absorption [110]. In both cartilage and meniscal tissues,
the dynamic mechanical response is primarily controlled by itse
characteristic collagen fibril network and fluid [1, 32, 89].
Osteoarthritis (OA) is a common degenerative joint disease, caus-
ing physical disability, especially among middle-aged and elderly
people [31, 33]. In the cartilage tissue, the early signs of OA are
collagen fibrillation, increased fluid content and proteoglycan de-
pletion [31,33]. In severe OA, cartilage tissue has worn out in large
areas of the knee joint surfaces, and this causes pain to the pa-
tient [33, 67]. OA is a very harmful disease, since the regeneration
ability of cartilage tissue is almost negligible [126]. Therefore, sur-
gical treatment procedures such as autologous chondrocyte trans-
plantation (ACT) have been developed. It has been shown that sur-
gical treatment with ACT has relatively good short-term and long-
term clinical outcomes [27, 135]. However, to prevent OA and the
need for surgical intervention, changes in lifestyle are believed to
achieve the best possible results [8, 33, 43].
Meniscal injuries can develop during daily activities, e.g., walk-
ing or squatting, or as a result of a sports accident [49,168]. Typical
injuries are meniscal tears, which can occur anywhere in the menis-
cal structure [168]. It is common that among patients with a menis-
cal tear, that anterior cruciate ligament (ACL) injuries occur as well,
especially in the knee joints after sports accidents [49]. Both menis-
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cal tears and ACL injuries have been shown to exhibit a high risk for
the development of OA [102]. Meniscal tears may produce pain in
the knee joint and are commonly treated with a surgical procedure
such as partial meniscectomy, in which the injured meniscal tissue
is removed [146, 153]. However, in the long run, partial meniscec-
tomy can increase the risk for the development of OA [41,166].
Since magnetic resonance imaging (MRI) provides good con-
trast between different soft tissues, such as cartilages, menisci and
ligaments, it is primarily used for diagnosing injuries and degener-
ative changes in the knee joint [26, 149]. Furthermore, the collagen
fibril architecture and proteoglycan (PG) and fluid content in car-
tilage can be estimated by using specific MRI sequences [59, 149].
However, MRI cannot be used to evaluate the functional properties
of knee joint tissues during physical activities, e.g., during walking
or running. Therefore, computational methods need to be used to
estimate stresses and strains and possible risk locations in joints
during physical activities [122,159,187].
The mechanical behaviour of knee joint cartilage has tradition-
ally been modelled by considering the tissue as a linear elastic
isotropic material [39, 48, 129, 190]. However, it has been shown
that the mechanical response of cartilage does not follow such sim-
ple behaviour due to depth- and time-dependent tissue characteris-
tics [180, 187]. In the most recent knee joint models [61, 83], depth-
dependent material properties of cartilage tissue have been consid-
ered. However, in these models, arcade-like collagen fibrils net-
work, including superficial collagen fibril patterns and the effects
of structural and mechanical changes within the osteoarthritic and
repaired knee joint cartilage have not been considered. Further-
more, realistic knee joint loading has not been applied, only axial
loading has been examined. For instance, from the biomechani-
cal perspective, normal walking includes six degrees of freedom
(DOFs), which can be subdivided into three translations and three
rotations [90]. In recent FE studies [122, 187], gait cycle loading has
been implemented into the FE models with isotropic material be-
haviour of cartilage. However, in addition to the lack of a realistic
2 Dissertations in Forestry and Natural Sciences No XXX
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mechanical response of cartilage, these models do not consider all
rotations or translations of the femur with respect to tibia. It would
be an advantage if a realistic loading cycle such as gait, including
all knee joint rotations and translations, could be implemented into
the FE model with realistic fibril reinforced material behaviour of
knee joint cartilage.
In this thesis, computational modeling was used to evaluate the
function of intact, osteoarthritic, repaired, injured and surgically
operated knee joints during joint loading. Patient-specific knee joint
geometries were based on the MRI data, from which the knee joint
tissues of interest were segmented. For the first time, the FRPVE
material behaviour of cartilage with depth-dependent collagen fib-
rils and split-line patterns was implemented into the knee joint ge-
ometry. First, the importance of the depth-dependent collagen fibril
architecture for the knee joint stresses and strains was evaluated in
the knee joint with intact, degenerated and repaired cartilage dur-
ing axial joint loading. Next, the superficial collagen fibril patterns,
i.e., split-lines orientations of collagen fibrils were considered and
the influences of different split-lines were studied. Finally, realistic
joint loading during walking, including six varying DOFs (trans-
lations and rotations) were considered and stress and strain distri-
butions within the intact, damaged and surgically operated knee
joints were studied. The computational model developed in this
thesis represents a feasible tool to predict possible risk locations
within the knee joint and outcomes of different surgical operations
pre-operatively. This kind of tool could help in clinical decision
making in order to prevent OA.
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2 Knee joint
The knee joint is the largest and one of the most complex joints
in the human body, consisting of three bones, femur, tibia and
patella [95, 111]. Smooth rotations and translations between femur
and tibia are possible only when all of the tissues in the knee joint
are intact [31–33,36,81,98,110,118]. When there is degenerative joint
disease, i.e., OA, the cartilage degenerates, and this causes pain for
the patient [31,33,67]. While a large amount of the total joint load is
transferred through the femoral cartilage to the tibial cartilage, the
menisci and ligaments have also significant roles in stabilizing the
knee joint, distributing loads to larger areas, and absorbing shock
loadings [33, 36]. Meniscal and ligament injuries usually take place
during sporting events, however they can also occur during every-
day activities [49, 57, 168]. These injuries or their surgical treatment
procedures have been shown to be in linkage with OA [56,121,123].
In this chapter, the structure, the composition and the function of
cartilage and meniscus, in the healthy knee and in different knee
joint disorders, which have been studied in the current thesis will
be briefly reviewed.
2.1 ARTICULAR CARTILAGE
The ends of femur and tibia in the knee joint are covered with artic-
ular cartilage (Figure 2.1a) [33]. In the intact human knee, the thick-
ness of articular cartilage layer can vary from 0.5 mm up to over 5
mm, depending on the location (femur, tibia or patella) and site
(central, medial-lateral, anterior-posterior). While the thickest carti-
lage is most often found around the contact area, the thinnest carti-
lage layer is located at the edge of the cartilage tissue [50,97]. Since
articular cartilage has a small friction coefficient between 0.002-
0.005, it offers almost frictionless sliding between femur and tibia
[32, 33, 118]. Furthermore, articular cartilage has a good ability
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to distribute the joint loads to a larger area [32, 33, 77]. Articu-
lar cartilage is a highly heterogenous tissue, which is composed of
a solid matrix and interstitial fluid. The solid matrix can be fur-
ther divided into PGs and collagen fibrils [32, 33]. The content and
arrangement of all tissue constituents vary in a depth-dependent
manner (Figure 2.1b). This variation exerts significant effects on
the depth-wise stress and strain distributions in the cartilage tis-
sue [32, 163, 180, 181]. Cartilage tissue has a poor regeneration abil-
ity and therefore, cartilage injuries may lead to the degeneration of
articular cartilage and OA [126].
Figure 2.1: Schematic presentation of a sagittal view of the knee joint (a) and depth-wise
composition of the intact cartilage tissue (b).
2.1.1 Interstitial fluid
Cartilage is a porous tissue, in which interstitial water accounts for
60-90% of the total weight [7,116,118,157]. In the intact cartilage, the
highest fluid content is located in the superficial zone, decreasing
towards the deep cartilage (Figure 2.1b) [116, 118, 157]. Interstitial
fluid has a significant role in controlling the dynamic and impact
response of cartilage [116,117,163]. For instance, it has been shown
that due to the low permeability of the interstitial fluid, more than
90% of the total stress of cartilage under dynamic loading is sup-
ported by the fluid [163].
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2.1.2 Collagen fibril network
15-22 % of the wet weight of cartilage is composed of collagen [118],
mostly of type II collagen, which contains 90-95% of all collagen in
the cartilage tissue [34, 51, 54]. Cartilage tissue can be divided into
three depth-wise zones, in which the collagen fibrils have different
orientations. In the superficial zone, collagen fibrils are organized
in parallel to the cartilage surface of cartilage; in the middle zone,
the fibrils bend toward the deep zone; in the deep zone, collagen
fibrils are oriented in a perpedicular to the cartilage surface (Figure
2.2) [22]. The relative thickness of different zones varies, depending
on the location (anterior-posterior, medial-lateral), site (femur, tibia)
and condition [60,151,162]. Furthermore, in the superficial zone, the
cartilage has characteristic fibril patterns along the cartilage surface,
indicated by the split-lines, which are believed to be orientated ac-
cording to daily knee joint movements [19, 22, 25, 35, 60, 96]. The
stability of the collagenous network and the material strength of
cartilage tissue is also dependent on the cross-links, i.e., covalent
intermolecular bonds between collagen molecules [14,51,52,54,185].
Due to the high tensile stiffness of the collagen fibrils, they mod-
ulate stresses and strains within the knee joint, especially under dy-
namic joint loading [79, 85, 144]. Consequently, the smallest tissue
deformations occur in the direction of the fibrils [100, 144, 158, 180].
Furthermore, the collagen fibril network architecture has also a
significant role in controlling fluid pressures and fluid flow di-
rections in cartilage [100, 136, 137, 144]. Collagen fibrils also re-
sist tissue swelling, which is caused by negative charges of PGs,
and therefore the fibrils are under tension even in unloaded carti-
lage [116,119,120].
2.1.3 Proteoglycan
In the cartilage tissue, PGs account for 4-7% of the wet weight [118].
PGs are negatively charged molecules, which are composed of a
protein core and glycosaminoglycan (GAG) chains. In addition, PG
molecules are attached to a hyaluronan chain, which forms larger
Dissertations in Forestry and Natural Sciences No XXX 7
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Figure 2.2: Schematic presentation of split-line patterns (dashed lines) and depth-wise
collagen fibril orientations (color curves) in the femoral and tibial cartilages.
aggregate molecules. These molecules are so large that they are
immobilized within the collagen network [118–120]. The PGs are
distributed depth-dependently within the cartilage tissue. In the
superficial zone, the concentration of PGs is at its lowest, from
where it increases towards the deep zone (Figure 2.1b) [145,154]. It
is the PGs that primarily create the characteristic compressive stiff-
ness of cartilage [89,147]. Negative charged PGs also cause cartilage
swelling, which is resisted by the collagen network [116,119,120].
2.1.4 Knee osteoarthritis and treatment
OA is a degenerative joint disease, which is very common especially
among elderly people. One of the first signs of OA is fibrillation of
the superficial collagen network together with a reduced PG con-
tent and increased fluid fraction. During the next stages of OA, col-
lagen fibrillation reaches into the deeper zones and simultaneously
the amount of PGs further decreases and fluid fraction increases.
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It is also possible that cartilage wear can occur. In the late stage
of OA, nearly all cartilage tissues have worn out from the load
bearing areas of the knee joint, leading to bone-bone contact and
pain [31, 33, 67]. It has been suggested that OA develops rather at
the medial than lateral compartment of the knee joint [103,127,183].
This observation may be related to distribution of loads between fe-
mur and tibia during normal daily activities [90, 188, 189].
If one wishes to prevent OA, then changes in lifestyle behaviour
such as weight loss and moderate physical exercise may achieve
sufficient results [8, 33, 43]. However, since cartilage has a poor re-
generation ability, normal rest does not heal or reverse OA symp-
toms [126]. Thus, changes in lifestyle are not applicable for patients
with severe OA. In the knee joint with symptoms of severe pain and
impaired ability to perform daily activities, surgical procedures are
commonly considered. Traditionally, the most common surgical
treatment operations are restoring the surface of the cartilage, re-
aligning the knee (osteotomy), total knee joint replacement (knee
arthroplasty) and knee joint fusion [33, 45, 64].
2.1.5 Surgical autologous chondrocyte transplantation
One of the newest and the most promising methods for treatment
of damage to cartilage is autologous chondrocyte transplantation
(ACT) [27, 70, 108, 134, 135]. In the ACT of femoral cartilage, in-
tact cartilage biopsy is sampled from an unloaded joint area of the
injured knee, which is commonly located in the upper minor load-
bearing area of the medial or lateral femoral condyle. Chondrocytes
are isolated from the cartilage tissue, and then the cells are culti-
vated until reaching a defined cell number. Next, the joint surface
is prepared by removing all degenerated cartilage from the dam-
aged area. Finally, periosteal suturing is performed on the area and
cells are administered under the periosteum [27,108].
It has been found that ACT has good or even excellent short-
term and long-term clinical outcome [27, 70, 108, 134, 135, 174]. This
may be explained by the relatively good PG content recovery, tak-
ing place within 10-15 months [91], related to increased equilibrium
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stiffness [75, 89]. In fact, cartilage stiffness in the repaired area may
reach the same stiffness level as the intact adjacent tissue, but usu-
ally it remains inferior (66% of the stiffness of the intact adjecent
cartilage tissue) [70,134,174]. However, it has been shown that ACT-
produced cartilage has an impaired collagen network architecture
compared to intact cartilage [91]. This may be the reason why in
some cases ACT-treatments do not achieve good clinical outcomes.
2.2 MENISCUS
Sickle-shaped menisci are located between the femoral and tibial
cartilage surfaces at both lateral and medial compartments of the
knee joint. They are attached to tibia primarily with ligamentous
anterior and posterior horns (Figure 2.1a and Figure 2.3). Further-
more, the deep medial collateral ligament (dMCL), the anterior
intermeniscal ligament (AIL) and two meniscofemoral ligaments
(MFLs) provide secondary attachments for menisci [95, 105, 110].
The menisci have important roles in load distribution, stabilization
and shock absorption within the knee joint [1, 110]. It has been
shown that meniscectomy could increase contact pressures in the
knee joint ranging between 100-235%, depending on the loading
condition [16, 55].
Similarly as the cartilage tissue, meniscus is primarily composed
of fluid (74% of wet weight), collagen fibrils (23% of wet weight)
and PGs (<1% of wet weight). However, unlike in cartilage, colla-
gens are mainly of type I (<90%). Due to the large amount of colla-
gen, menisci possess high tensile strength, which is related to pre-
ferred orientation of type I collagens [9, 53, 110, 115]. In the superfi-
cial zone, the fibrils are oriented radially in parallel to the meniscus
surface, whereas in the middle zone, collagen fibrils have a circum-
ferential orientation. The higher tensile modulus is measured in the
circumferential than in the radial direction. Even though the menis-
cus has relatively large tensile modulus (10-30 MPa in the radial
direction and 220 MPa in the circumferential direction), its com-
pressive aggregate modulus is only between 0.1-0.4 MPa [110]. Fur-
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thermore, unlike in cartilage, meniscus has a nerve and blood vessel
supply. Therefore, some meniscal tears can heal spontaneously [1].
Figure 2.3: Schematic presentation of geometries of lateral and medial menisci in the knee
joint.
Meniscal tears develop typically as a result of a sporting acci-
dent, e.g., in football or basketball, but they can also develop dur-
ing normal physical activities such as walking or squatting [49,168].
Meniscal tears can develop into either the lateral or medial menis-
cus and they can be located in the middle, posterior and anterior
side [44, 68, 73, 106, 168, 172]. It has been shown that the most fre-
quent tear types in the lateral meniscus are radial (33%) and hor-
izontal (26%) tears, whereas in the medial meniscus, the most fre-
quent tear types are bucket handle (32%) and longitudial (22%)
tears [168]. Other rarely occurring meniscal tear type is the oblique
tear [44, 73, 168].
Meniscal tears may cause pain within the knee joint and they
have been usually treated with partial or total meniscectomy [4,
72, 146, 153, 167]. However, in previous long-term clinical stud-
ies [4, 41, 166], partial menisectomy or total meniscectomy have
been related to the onset and development of OA. Especially, lateral
meniscectomy is believed to expose cartilage to the development of
OA [4, 40, 74, 148]. This may be explained by greater varus-valgus
laxity after lateral than medial meniscectomy [4,72, 167].
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3 Constitutive modeling of
cartilage and meniscus
From the early ’80s, the function of articular cartilage has been
characterized as an isotropic biphasic material model [13, 117, 175,
182]. In the next generation of cartilage modelling, transversely
isotropic, conewise linear elastic, poroviscoelastic, fibril-reinforced
and triphasic materials for cartilage were developed [10,42,46,89,94,
101,164,175,182]. In the most recent models, collagen fibril orienta-
tion, fluid, proteoglycan and collagen content as well as swelling in
the cartilage tissue were considered to be depth-dependent [79,100,
136,137,178–181]. In this chapter, material models for cartilage and
meniscus tissues, that were used in the current thesis, are briefly
presented.
3.1 BIPHASIC THEORY
Biphasic and poroelastic material theories consider fluid flow in the
tissue [117]. In the biphasic material description, solid and fluid
phases are intrinsically incompressible and non-dissipative. Time-
dependent changes are caused by the flow of fluid. Therefore, un-
der a step strain or stress, the tissue responses are not linear. Fur-
thermore, depending on the permeability of biphasic tissues, equi-
librium is achieved within different times (Figure 3.1).
In the biphasic theory, the total stress σt can be expressed with
solid σs and fluid σ f stress tensors as follows:
σ
s = −φs pI + σE, (3.1)
σ
f = −φ f pI, (3.2)
σ
t = σs + σ f = −pI + σE, (3.3)
where φs and φ f are volume fractions for the solid and fluid, re-
spectively, p is the fluid pressure, σE is the effective solid stress
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Figure 3.1: Schematic presentation of (left) stress-relaxation and (right) creep behaviour of
a biphasic tissue with different permeabilities.
tensor and I is the unit tensor. When the tissue has reached its
state of equilibrium, i.e., fluid flow and tissue deformation have
ceased, tissue deformations are resisted only by the effective solid
stress tensor [117]. For linear elastic materials, the effective solid
stress tensor can be written by Hooke’s law:
σ
E = CE, (3.4)
where C is the stiffness matrix and E is the elastic strain tensor. For
isotropic, transverse isotropic and anisotropic materials, the stiff-
ness matrices are different.
The velocity of fluid flow Q through a permeable tissue is com-
monly described according to Darcy’s law:
Q = Ak
Δp
h
, (3.5)
where A is the cross-sectional area to fluid flow, k is the permeabil-
ity of the fluid, Δp is the pressure difference, and h is the distance
between two examination points in the tissue. Van der Voet ex-
tended the permeability k for cartilage through a non-linear relation
with tissue porosity [173]:
k = k0
(
1 + e
1 + e0
)M
, (3.6)
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where k0 is the inital permeability, M is the constant and e0 and e
are the intial and current void ratios, respectively, which are deter-
mined with the ratio between fluid and solid:
e =
n f
ns
, (3.7)
where n f and ns are the fractions of fluid and solid, respectively.
3.2 ISOTROPIC MATERIAL BEHAVIOUR
The simpliest material description of linear elasticity is isotropic
behaviour, in which the material properties are identical in each
direction. Therefore, the stiffness matrix C can be written as:
C =
E
(1 + ν)(1− 2ν)
⎛
⎜⎜⎜⎜⎜⎜⎝
1− ν ν ν 0 0 0
ν 1− ν ν 0 0 0
ν ν 1− ν 0 0 0
0 0 0 1− 2ν 0 0
0 0 0 0 1− 2ν 0
0 0 0 0 0 1− 2ν
⎞
⎟⎟⎟⎟⎟⎟⎠
, (3.8)
where E is the Young’s modulus and ν is the Poisson’s ratio. Since
the shear (G) and bulk (K) moduli can be expressed with the Young’s
modulus and Poisson’s ratio (G = E2(1+ν) ,K =
E
3(1−2ν) ), the isotropic
material consists of only two independent variables (E, ν). Isotropic
materials do not consider anisotropy of tissues, for instance any
properties caused by the collagen fibril orientations in the cartilage
or meniscus. Therefore, the use of the isotropic models in mod-
elling of cartilage and meniscus may be inaccurate.
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3.3 TRANSVERSE ISOTROPIC MATERIAL BEHAVIOUR
In the transverse isotropic material, the mechanical properties are
direction dependent and the stiffness matrix C is written as:
C =
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1−νpzν31
EpEzΔ
νp+νzpνpz
EpEzΔ
νzp+νpνzp
EpEzΔ
0 0 0
νp+νpzνzp
EzEpΔ
1−νzpν13
EzEpΔ
νzp+νzpνp
EzEpΔ
0 0 0
νpz+νpνpz
E2pΔ
νzp+ν2pz
E2pΔ
1−ν2p
E2pΔ
0 0 0
0 0 0 2Gzp 0 0
0 0 0 0 2Gzp 0
0 0 0 0 0 Ep1+νp
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (3.9)
where
Δ =
1− ν2p − 2νpzνzp − νpνpzνzp
E2pEz
, (3.10)
νzp
Ez
=
νpz
Ep
, (3.11)
Gp = Ep/2(1 + νp), (3.12)
Ep = E1 = E2, (3.13)
Ez = E3, (3.14)
νzp = ν31 = ν32, (3.15)
νpz = ν13 = ν23, (3.16)
(3.17)
Furthermore, the following equations must hold:
νp + νzpνpz
EpEzΔ
=
νp + νpzνzp
EzEpΔ
, (3.18)
νzp + νpνzp
EpEzΔ
=
νpz + νpνpz
E2pΔ
, (3.19)
νzp + νzpνp
EzEpΔ
=
νzp + ν2pz
E2pΔ
. (3.20)
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Thus, the total number of independent variables is five (Ep, Ez, νzp,
νp,Gzp). Ep is the Young’s modulus in the plane 1-2 (plane of
isotropy), Ez is the Young’s modulus perpendicular to the plane
of isotropy (plane of transverse), νzp is the Poisson’s ratio determin-
ing strain (direction 1 and 2) resulting from stress which is normal
to the plane of isotropy, νp is the Poisson’s ratio in the plane of
isotropy and Gzp is the out of plane shear modulus.
Since the transverse isotropic material considers only differences
between the plane of isotropy and transverse, it lacks the charac-
terization of depth-dependent variations in mechanical properties,
such as depth-wise collagen fibril orientations. It also cannot cap-
ture the non-linear behaviour of the cartilage tissue, especially that
caused by the collagen fibrils. Therefore, the transverse isotropic
material may not be optimal to model cartilage mechanics.
3.4 FIBRIL-REINFORCED MATERIAL BEHAVIOUR
One of the most advanced material model for articular cartilage is
the biphasic fibril-reinforced material. It considers poroelasticity,
anisotropy and nonlinearity of stresses and strains. In the fibril-
reinforced poroviscoelastic (FRPVE) material, the tissue has been
divided into fibrillar and nonfibrillar parts; the fibrillar part repre-
sents the collagen fibrils and the non-fibrillar part represents PGs
and fluid [77, 89, 99–101, 180, 181]. Thus, the total stress σt can be
expressed with the sum of stresses caused by the solid non-fibrillar
tissue σn f , collagen fibril network σ f and fluid pressure p as fol-
lows [180]:
σ
t = σn f + σ f − pI. (3.21)
The total stresses of the nonfibrillar tissue and the collagen fibril
network in the FRPVE material are described more closely in the
following sections (3.4.1 and 3.4.2).
It has been shown that the FRPVE material has an excellent
ability to mimic instantaneous and long-term responses of intact
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and degenerated cartilage samples [75, 79, 101, 107]. Compared to
the biphasic linear elastic material, in which 3:2 ratio between the
peak and equilibrium force can be achieved, with the FRPVE ma-
terial it is possible to predict the characteristic ratio between 5 and
10 for the peak to equilibrium forces during stress-relaxation mea-
surements of cartilage (Figure 3.2) [6,75,107]. Furthermore, by con-
sidering depth-wise changes in the collagen and PG content and
the effects of collagen fibril orientation, the FRPVE model has been
able to simulate the compositional and structural changes of early
and advanced OA on tissue strains [151]. By using computational
optimization, the FRPVE model has also been able to evaluate con-
stituent specific (collagen, PGs, fluid) structure-function relation-
ships in osteoarthritic human cartilage samples [107].
Figure 3.2: Loading response differences between the biphasic linear isotropic model and
the FRPVE model during stress-relaxation.
3.4.1 Non-fibrillar matrix
The non-fibrillar matrix can be described according to Hooke’s law
(Eqs. 3.4, 3.8) [77, 89, 101, 180]. Since cartilage tissue behaves highly
nonlinearly during large deformations, the traditional Hooke’s law
has been replaced with the neo-Hookean hyperelastic model [79,
102,177–179]. The neo-Hookean model can be expressed as follows
[179]:
σn f = Km
ln(J)
J
I +
Gm
J
(F · FT − J 23 I), (3.22)
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where J is the determinant of the deformation tensor F, and Km
and Gm are bulk and shear modulus of the non-fibrillar matrix,
respectively. Bulk and shear moduli can be further written as:
Km =
Em
3(1− 2νm) , (3.23)
Gm =
Em
2(1 + νm)
, (3.24)
where Em and νm are the Young’s modulus and Poisson’s ratio
of the non-fibrillar matrix, respectively. The Neo-Hookean model
takes into account the compressibility of the porous nonfibrillar
matrix when fluid has expelled from the tissue during compres-
sion [177–179].
3.4.2 Fibrillar matrix
In the fibrillar matrix, the fibril network has been considered with
homogenously distributed fibrils [89,89] or it has been divided into
the primary and secondary fibrils [77, 180]. The primary fibrils are
implemented in a certain depth-dependent manner, considering the
known zonal variation in fibril orientation [75, 77, 78, 144, 180]. The
secondary fibrils have been implemented with randomly oriented
fibrils [180].
An individual collagen fibril can be described to be nonlinear
and viscoelastic (Figure 3.3), and its stress under loading can be
written as follows [181]:
σf =
⎧⎨
⎩ −
η
2
√
(σf−E0 f )E
σ˙f + E0 f +
(
η +
ηE0
2
√
(σf−E0 f )E
)
˙ f  f > 0
0  f ≤ 0
, (3.25)
where, E0 and E are the initial and strain-dependent fibril net-
work modulus, respectively, η is the damping coefficent,  f is the
fibril strain and σ˙f and ˙ f are time derivatives of stress and strain,
Dissertations in Forestry and Natural Sciences No XXX 19
Mika Mononen: Computational Modeling of Knee Joint Mechanics
Figure 3.3: Schematic presentation of an individual non-linear viscoelastic collagen fibril.
respectively.
By using the fraction between the primary and secondary fibril
density Cst, primary (σf ,p) and secondary fibril stresses (σf ,s) have
the following relationship [180]:{
σf ,p = ρzCstσf
σf ,s = ρzσf
, (3.26)
where ρz is the local collagen fibril density. Subsequently, the total
fibril stress σ f can be witten as a sum of fibril stresses [180]:
σ f =
tot f
∑
i=1
σ
i
f , (3.27)
where tot f is the total amount of individual fibrils and σ f i is the
stress of an individual fibril.
The inital orientation of each primary fibril is given by a unit
vector v0 and the fibril strain  f can be computated as:
 f = log ‖F ·v0‖ . (3.28)
This is used for calculating fibril stress (Eq. 3.25). Orientation
changes after tissue deformation can be estimated by a new unit
vector (vnew) as follows:
vnew =
F ·v0
‖F ·v0‖ . (3.29)
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4 Evaluation of knee joint dis-
orders
Traditionally, the evaluation of knee joint disorders and diagnostics
of OA has been based on considering the patient’s symptoms and
X-ray imaging. Currently, X-ray imaging detects only late stage of
OA [24, 38]. Compared to standard radiography (X-ray) or com-
puted tomography (CT), magnetic resonance imaging (MRI) dis-
plays good contrast between different soft tissues, such as carti-
lages, menisci and ligaments. MRI is also able to detect cartilage
and meniscal lesions within the knee joint [26,38,71,84,104,132,149].
Recently, the feasibily of using contrast-enhanced computed tomog-
raphy (CECT) was studied as way to evaluate the status of human
knee in vivo [86]. Compared to clinical MRI, CECT achieves higher
spatial resolution and faster scan times [86]. Artroscopy enables a
visual evaluation of lesions or even evaluation of the stage of OA
in the knee joint. However, the accuracy of arthroscopy may highly
depend on the evaluating surgeon [28,125]. Imaging data produced
by the aforementioned methods are not suitable for determining
possible risk locations in a knee joint during human movement.
For instance, during dynamic activity (walking), the varying varus-
valgus angle (abduction and abduction torques) primarily controls
the loading forces between the lateral and medial sides within the
knee joint. Motion analysis may be used to evaluate risks for the on-
set of OA within medial and the lateral compartments of the knee
joint [15, 188, 189]. However, it is rarely used in clinical decision
making due to the lack of availability, reimbursement rules, train-
ing and lack of evidence supporting its clinical efficacy [184]. None
of the aforementioned techniques can be used to characterize the
functional role of different tissues in knee joint. Therefore, compu-
tational modeling is needed including patient-specific geometry of
knee joint and joint loading during a specific activity. In the current
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chapter, the advantages and disadvantages of different methods in
the evaluation of knee joint disorders and the diagnosis of OA are
briefly discussed.
4.1 RADIOGRAPHY
Radiography (X-ray) imaging is the most traditional tool in the di-
agnosis of OA [26, 71, 149]. In knee radiography, a bilateral antero-
posterior X-ray imaging is conducted during weight-bearing (stand-
ing), which ensures a stable contact between the lateral and medial
compartments of the knee joint [24, 30, 131]. Then, the joint space
width between the femur and tibia is measured. It has commonly
been accepted that cartilage loss exists when the distance of 3 mm
or less in the joint space is measured [24]. However, joint space
narrowing does not automatically signify cartilage loss, but it may
also indicate a meniscus injury [71]. Furthermore, as radiography
has poor soft tissue contrast, radiographically intact knee may be
symptomatic due to several X-ray invisible lesions in cartilage tis-
sue [5, 71, 149]. The more advanced X-ray technique for evaluating
of the knee joint is CECT, in which a known concentration of a con-
trast agent is injected into the knee joint and then the CT imaging
is performed [86]. Compared to MRI, CECT provides good spatial
resolution (≈ 0.2 mm) and a short imaging time. However, this
method will require more validation before it can be applied in the
clinical use [86]. Currently, the preliminary results obtained with
CECT are quite promising [86, 87].
4.2 MAGNETIC RESONANCE IMAGING
Compared to radiography, MRI provides a tomographic view, broad
contrast between different tissues and good accuracy for identify-
ing cartilage and meniscal lesions as well as cartilage wear caused
by OA [26, 44, 68, 71, 73, 84, 104, 106, 132, 133, 149, 172]. Furthermore,
quantitative MRI technique allows an evaluation of different tissue
compositions within the cartilage, such as the PGs and collagen. T2
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mapping and DT-MRI are used to estimate collagen architucture,
while delayed gadolinium enhanced MRI of cartilage (dGEMRIC)
can estimate the PG content [124,138,149,186]. It has been suggested
that differences in T2 mapping or dGEMRIC indicate changes in
the functional properties of cartilage [78]. In clinical MRI, there
are several imaging sequence options such as T2 weighted spin-
echo or proton density spin-echo (Figure 4.1). Each sequence has
its own advantages and disadvantages. For instance, proton density
weighted spin-echo sequence provides a good contrast between car-
tilage and other soft tissues, whereas T2 weighted spin-echo reveals
cartilage and bone structures.
Figure 4.1: Examples of sagittal image slices from the same knee joint using different MR
imaging sequences. Left figure shows the outcome of T2 weighted spin-echo sequence,
whereas right figure shows the image from proton density weighted spin-echo sequence.
4.3 MOTION ANALYSIS
Motion analysis can be used for analysis of knee joint motions dur-
ing physical activities such as walking, running, climbing stairs or
performing a quasi-static, single leg lunge [2, 15, 56, 65, 80, 88, 90, 93,
140, 143, 150, 188, 189]. Analysis methods can be divided into four
different categories: (1) Fluoroscopic methods, in which the bone
movements are tracked using single or multiple X-ray sources (usu-
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ally biplanar fluoroscopic setup systems are used) [2, 90, 188, 189];
(2) Reflective skin marker methods, in which body movements are
calculated based on the movements of the markers [15, 56, 80, 88,
143]; (3) Electrogoniometry methods, in which the rotations of flex-
ible electrogonimetry are measured [140,150]; (4) Internal implants,
in which an instrumented implant including a force sensor is im-
plemented into the knee [65,93]. Furthermore, force plates (ground
reaction forces) have been commonly combined with these methods
to analyse joint moments and forces using computational methods
(inverse dynamics) [15, 88, 143, 188, 189]. Motion analysis methods
may be applied for instance for the evaluation of the differences be-
tween intact, OA, ACL-deficient or reconstructed knees [2, 15, 56].
Even though these methods are able to record knee joint motions
and even reaction forces, stress and strain distributions within the
knee joint remain unknown. For example, these methods alone are
not able to predict patient-specific possible risk locations in the ar-
ticulating joint surfaces for the onset and development of OA.
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5 Computational models of
knee joint
In the knee joint models, cartilage is traditionally modeled as a sin-
gle phasic linearly elastic isotropic material [21,39,47,48,62,63,122,
129,130,141,187,190]. As described in the previous chapter (Chapter
3), this material neither considers the characteristic strain-, and time
dependence nor anisotropy of cartilage. Some investigators have in-
corporated time-dependent behaviour of cartilage in their knee joint
models as a result of fluid flow as well as the anisotropic behavior
of the solid matrix [11, 175,182]. However, these materials were not
incorporated into realistic 3D geometry of a knee joint, and they did
not take into account the strain-dependent material properties and
arrangement of the collagen fibrils. Even though fibril reinforced
materials have been implemented into cartilages at the tissue level
[12, 75, 77, 89, 99, 100, 107, 136–139], only few authors have applied
these materials into 3D knee joint geometries [61, 82, 83, 159–161].
Furthermore, none of these 3D knee joint models realistically con-
sider both the depth-dependent properties of cartilage and the split-
line orientations of collagen fibrils in the surface of cartilage.
In the above mentioned models, realistic joint loading, such as
loading during normal walking or running is missing, but simple
axial loading is used instead. An axial loading may be sufficient
for evaluating the effects of impact loads on cartilage stresses and
strains, but for predicting the function of a knee joint during specific
activities, such as walking, all degrees of freedoms (DOFs) are re-
quired. For instance, high medial-lateral translation of femur with
respect to tibia during walking [90] presumably has a significant
effect on the distribution of joint forces between the lateral and me-
dial compartment of the knee joint, whereas increased varus ro-
tation should increase stresses in the medial compartment of the
knee joint [15, 188, 189]. Currently, 3D knee joint models with gait
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cycle loading consider cartilage as a linearly elastic isotropic ma-
terial [122, 187] or even a rigid [152]. Furthermore, all six DOFs
of the knee joint have not been considered. For instance, medial-
lateral translations have not been considered in any of the previous
models [122, 152, 187], and in one of these models the varus-valgus
rotation was omitted as well [122].
It would be advantageous to have such a computational model
of a knee joint, in which real loading conditions and characteris-
tic FRPVE material properties for cartilage would be incorporated.
With this model, it would be possible to evaluate cartilage stresses
and strains in a knee joint in a time-, strain- and location-dependent
manner under different loading conditions of the joint (such as
walking, impact loading). Furthermore, evaluation of possible fail-
ure sites in knee joints might become more realistic. The FRPVE
material would also provide novel insights into the mechanical be-
haviour of the cartilage in the joint, especially the effects of the
depth- and width-dependent collagen fibril network and fluid on
the local stresses and strains could be predicted. Ultimately, this
model could be used as a clinical tool for simulating preopera-
tive outcomes of different surgical operations, for instance optimiz-
ing/minimizing the area which is removed from the meniscus in
partial meniscectomy.
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6 Aims of the thesis
In this thesis work, a fibril reinforced cartilage material, including
depth-dependent collagen fibril architecture and split-lines, is im-
plemented in 2D and 3D knee joint models. The models are used
to evaluate the effects of cartilage structure and properties and dif-
ferent knee joint disorders (OA, cartilage repair, meniscal tear) on
the function of the knee joint during impact loading and normal
walking.
The specific aims of this thesis were:
1. To implement depth-dependent collagen fibril architecture into
the FE model of a knee joint, and to evaluate the effects of
the collagenous structure and properties on the stresses and
strains in the knee joint with intact, degenerated and repaired
cartilage.
2. To implement characteristic superficial collagen fibril patterns
(split-lines) of femoral and tibial cartilages into the model, and
to evaluate the function of intact and degenerated knee joints.
3. To evaluate time-, location-, and depth-dependent stresses
and strains of cartilage within the knee joint during gait cycle
loading.
4. To investigate the effects of different radial tears and par-
tial/bilateral meniscectomy of lateral meniscus on the func-
tion of the knee joint during walking.
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7 Materials and methods
7.1 MRI AND SEGMENTATION
Two different MRI measurements were applied in this thesis. In
study I, the left knee of a healthy 29 year-old male subject (weight
70 kg, height 175 cm) was imaged using a standard 1.5T MRI system
(Siemens Magnetom Avanto, Erlangen, Germany) with dual echo
steady-state free-precession sequence (TR = 25.18 ms, TE = 8.62 ms,
flip angle = 20 degrees, in-plane resolution = 0.42 mm and slice
thickness = 1.5 mm). In studies II-IV, MRI data for the left knee
of a healthy 61 years old male subject (Figure 7.1, left column) was
used. In these studies, the imaging was conducted using standard
1.5T MRI (GE Healthcare, Milwaukee, WI, USA) system with a fast
spoiled gradient echo sequence (TR = 26.7 ms, TE = 7.6, flip angle
= 20 degree, in-plane resolution = 0.27 mm and slice thickness = 1.5
mm). Studies I and II-IV were conducted according to the ethical
guidelines of the Kuopio University Hospital, Finland and Oulu
University Hospital, Finland, respectively.
In study I, segmentation was conducted for a single sagittal MRI
slice. According to previous studies [141, 175], the location of the
slice was chosen to be located at the central, load bearing area in
the lateral compartment of the knee joint. Thus, femoral and tib-
ial cartilage were initially in contact with each other. Then by using
tpsDIG2 v2.05 software (F. James Rohlf, the State University of New
York, Stony Brook, USA), geometries of the femoral and tibial car-
tilage and meniscus were segmented (Figure 7.1, middle and right
columns). In studies II-IV, to obtain the 3D geometry of the knee
joint, segmentation was conducted for each sagittal MRI slice us-
ing Mimics v12.3 (Materialise, Leuven, Belgium). Finally, the 3D
geometry of the knee joint was constructed using 3D generation in
Mimics (Figure 7.1, middle and right columns).
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Figure 7.1: Procedure from MRI to segmented knee joint geometries in studies I-IV.
7.2 GEOMETRIES AND FINITE ELEMENT MESHES OF CAR-
TILAGES AND MENISCI
After segmentation, the constructed geometries of cartilage and
meniscus were imported into the FE modeling package (Abaqus
v6.8-6.10, Dassault Systèmes, Providence, RI, USA), in which FE
meshes for different parts were created. In study I, importing was
done via a Matlab script (Mathworks Inc., Natick, MA, USA), in
which the segmentation data from the tpsDIG2 software was con-
verted for Abaqus. In studies II-IV, the segmented geometries were
saved as a surface mesh in stereolithography format (.stl) in Mimics.
Then the surface mesh was imported into Solidworks (SolidWorks
Corp., Concord, MA, USA) and converted into a solid geometry.
Finally, this solid geometry was imported into Abaqus.
In study I, the femoral and tibial cartilage and the meniscus
were meshed by 4-node plane strain elements with poroelastic be-
haviour (CPE4P) using the element size of ≈ 0.2 mm (Figure 7.2
upper-left). In studies II-III, before the meshing was constructed,
small peripheral regions of the 3D geometry were cut with straight
lines to optimize the use of hexahedral elements. Then, the car-
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tilage layers and menisci were partitioned and meshed separately.
The femoral and tibial cartilage were meshed by 20-node 3D con-
tinuum elements with a reduced number of integration points and
poroelastic behaviour (C3D20RP), dividing cartilage layers into four
depth-wise element layers with element size of ≈ 1.5 mm. Lateral
and the medial menisci were meshed by 20-node 3D continuun el-
ements with reduced number of integration points without poroe-
lastic behaviour (C3D20R) using element sizes of ≈ 1 mm (Figure
7.2 upper-right). In study III, the mesh of the knee joint with bi-
lateral meniscectomy was constructed by removing the meshes of
the menisci from the mesh of the intact knee joint. In study IV, the
mesh of the intact knee joint was exactly the same as in studies II-
III. Anterior, middle and posterior tears and partial meniscectomy
geometries in study IV were constructed by cutting specific parts
from the intact lateral meniscus, and then meshed using the same
technique as explained above (Figure 7.2, bottom).
Figure 7.2: Constructed FE meshes for cartilage and meniscus in each study. Bottom
figures indicate different meshes for lateral meniscus.
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7.3 MATERIAL PROPERTIES FOR CARTILAGE AND MENIS-
CUS
In the current thesis, isotropic poroelastic, transverse isotropic elas-
tic and poroelastic, and FRPVE materials (chapter 3) were used
for modeling the mechanical behaviour of cartilage and meniscus
within the intact, degenerated, injured, and repaired/operated knee
joints. The different material models used in studies I-IV are pre-
sented in table 7.1 and different material parameters for the differ-
ent material models are presented in table 7.2. More detailed values
for the material parameters are listed in the ORIGINAL PUBLICA-
TIONS.
In study I, stresses and strains of cartilage and meniscus with
different material models were compared within the intact knee
joint. Furthermore, the changes of early OA (superficial fibrilla-
tion) and advanced OA (fibrillation, PG depletion and increased
fluid content) were implemented into FRPVE cartilage. Finally, the
changes in ACT repaired femoral cartilage (impaired collagen fibril
network) were considered in the FRPVE model. In study II, four
FRPVE material models with different split-line patterns of femoral
cartilage in the intact knee joint were constructed. Furthermore, the
femoral OA was also constructed with impaired FRPVE material
properties (fibrillation, PG depletion, increased fluid content). In
studies III-IV, the material properties of cartilage and menisci were
obtained from study II.
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Table 7.1: Used material behaviours for cartilage and meniscus.
CARTILAGE
Material behaviour Study I Study II Study III Study IV
IP I
TIP I
FRPVE I, D, R I, D I I
MENISCUS
Material behaviour Study I Study II Study III Study IV
TIE I I, S I, Inj, S
IP I
TIP I
FRPVE I
Abbreviations
TIE = Transverse isotropic elastic
IP = Isotropic poroelastic
TIP = Transverse isotropic poroelastic
FRPVE = Fibril reinforced poroviscoelastic
I = Intact
D = Degenerated (early/advanced OA)
R = Repaired (ACT)
Inj = Injured (meniscal tears)
S = Surgically operated (bilateral/partial meniscectomy)
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Table 7.2: Used material parameters for the isotropic poroelastic (IP), transverse isotropic
poroelastic (TIP), transverse isotropic elastic and fibril reinforced poroviscoelastic (FRPVE)
models of the cartilage and meniscus. The star (∗) indicates that these material parameters
in the FRPVE models varied according to the cartilage quality (intact, degenerated or
repaired).
Model Material parameters Cartilage Meniscus
IP E (MPa) 0.69 0.075
ν 0.018 0.0015
k (×10−15m4/Ns) 3 1.26
n f 0.78 0.78
TIP Ep (MPa) 5.8 0.075
Ez (MPa) 0.46 100
νp 0 0.5
νzp 0.0002 0.0015
Gzp (MPa) 0.37 0.025
k (×10−15m4/Ns) 5.1 1.26
n f 0.78 0.78
TIE Ep (MPa) 20
Ez (MPa) 140
νp 0.2
νzp 0.3
Gzp (MPa) 50
FRPVE E (MPa) 7-673* 673
E0 (MPa) 0.005-0.47* 0.47
Em (MPa) 0.08-0.31* 0.075
νm 0.42 0.3
η (MPa · s) 947 947
k (×10−15m4/Ns) 1.74 1.26
C 12.16 12.16
M 7.1 7.1
n f 0.8-0.95* 0.78
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7.4 ORIENTATION OF PRIMARY COLLAGEN FIBRILS
Study I: A characteristic depth-wise architecture of primary colla-
gen fibrils in intact cartilage was implemented into the knee joint
geometry (Figure 7.3, Intact cartilage) [22,180]. Relative thicknesses
of the superficial, middle and deep zones were 12%, 26% and 62%
of the full cartilage thickness, respectively [75]. Then, for the model
with early OA, the superficial collagen fibrils of intact femoral and
tibial cartilage were replaced by randomly oriented fibrils, simulat-
ing collagen fibrillation (Figure 7.3, Early OA) [23, 31, 128]. For the
model with advanced OA, both superficial and middle zone colla-
gen fibrils were replaced with randomly oriented fibrils (Figure 7.3,
Advanced OA). Finally, the model with ACT repair in the femoral
cartilage was constructed by implementing randomly oriented pri-
mary fibrils into the repair area (Figure 7.3, ACT repaired). In the
meniscus, the superficial primary collagen fibrils were oriented in
parallel to the meniscus surfaces, whereas in the deeper tissue of
the meniscus, the orientation of the primary collagen fibrils was
random [9].
Study II: For the intact knee joint, the depth-dependent primary
fibril orientation was implemented into the model similarly as in
study I (Figure 7.3, Intact cartilage). Furthermore, characteristic 3D
superficial collagen fibril patterns of femoral and tibial cartilage,
i.e., split-lines were considered (Figure 7.4, Normal split-lines). In
the femoral cartilage, the split-lines were aligned towards the cen-
tral point between lateral and medial epicondyles, whereas in the
tibial cartilage, the split-lines were aligned towards middle-central
points of lateral and medial tibial cartilage. In addition to nor-
mal split-line patterns, four different split-line patterns of femoral
cartilage were also constructed (Anterior-posterior, Medial-lateral,
Random, Medial OA) (Figure 7.4, bottom figures). In the model
with medial OA in the femoral cartilage, both depth-dependent fib-
ril orientation and the split-line pattern were random in the area of
OA (Figure 7.3, Advanced OA; Figure 7.4, Medial OA).
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Studies III-IV: In all models, primary collagen fibril architecture
and split-line pattern were taken from study II (Figure 7.3, Intact
cartilage; Figure 7.4, Normal split-lines).
Figure 7.3: Different depth-dependent primary collagen fibril architectures for cartilage
tissues. The upper-left figure indicates collagen fibril architecture in the intact cartilage,
whereas upper-right, bottom-left and bottom left figures indicate collagen fibril architecture
in the knee joint cartilages with early OA, advanced OA and ACT, respectively.
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Figure 7.4: Different primary collagen fibril split-line patterns for cartilage. The upper
figure indicates split-line patterns in normal femoral and tibial cartilage, whereas bottom
figures indicate anterior-posterior, medial-lateral, random and medial OA split-line pat-
terns, respectively, in the femoral cartilage. In the normal knee, split-lines in the femoral
cartilage were aligned towards the central point between lateral and medial epicondyles
(red circle), whereas in the tibial cartilge, split-lines were aligned towards the middle-
central points (red circles) of lateral and medial tibial cartilage.
7.5 BOUNDARY CONDITIONS
In each study (I-IV), cartilage-bone interfaces in tibia were fixed
in all directions. Furthermore, compressive loading was imple-
mented into the reference point, which was coupled with the upper
surface of femoral cartilage (femoral cartilage-bone interface). In
study I, in order to mimic the behaviour of a 3D meniscus, menis-
cal movements were restricted using a linear spring of 9.21 N/mm
in stiffness between the inner parts of anterior and posterior menis-
cal structures [141]. In studies II-IV, meniscal horn motions were
restricted using linear springs with a total stiffness of 2000 N/mm
at each horn [105, 190]. In studies I and II, axial impact loads of
700 N and 1000 N, respectively, were applied. In studies III-IV,
the gait cycle data based on the previous studies [58, 66, 88, 90] was
implemented (See 7.5.2).
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7.5.1 Impact loading
In studies I-II, impact axial loading was implemented in the mod-
els with two separate simulation steps. First, to aid convergence,
an initial compression of the knee joint was created by applying a
small axial displacement of the femur. Finally, to match with the
body weight of the subjects, the displacement was replaced with
axial concentrated forces of 700 N (study I) and 1000 N (study II).
The duration of each step was 0.1 s.
7.5.2 Gait cycle loading
Gait cycle loading was used in studies III-IV. First, the location of
the reference point was set into the middle point between the lateral
and medial epicondyles, being the origin of the anatomical land-
mark of femoral knee [20, 37]. The accurate distal-proximal loca-
tion of the reference point was optimized with separate simulations
with 0-45 degrees flexion so that the center of the contact area on
the tibial cartilage remained constant. Then, a single gait, including
rotations (flexion-extension and internal-external) and translations
(medial-lateral and anterior posterior) of femur with respect to tibia
and varying knee joint forces [88, 90] were implemented into the
reference point (Figure 7.5, upper). Rotation, translation and force
curves were obtained from the literature (Figure 7.5, lower) [58,66].
The unrestricted varus-valgus rotation was used in order to ensure
a continuous contact between the medial and lateral compartments
of femoral and tibial cartilage during the entire gait loading.
The initial axial compression was conducted similarly as in stud-
ies I-II. Then, an initial axial force of 400 N and initial movements
(rotations and translations) of the gait cycle input data were applied
to the reference point. Finally, the time-dependent axial force and
joint motions were implemented into the reference point (Figure
7.5). The durations of the first and second steps were 0.1 s, whereas
according to the previous study [165], the duration of 0.6 s was used
in the gait cycle step.
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Figure 7.5: Implementation of the gait cycle loading data into the FE model. Upper figure
indicates the boundary conditions (stationary) in use in the model and lower figure shows
the experimental and implemented gait cycle curves (varying boundary conditions).
7.6 FINITE ELEMENT SIMULATIONS
In study I, stresses and pore pressures between different material
models were compared. Furthermore, with the FRPVE material, the
effects of early OA, advanced OA and ACT on the cartilge stresses
and fibril strains were evaluated. In study II, the effects of different
split-line patterns of femoral cartilage and medial femoral OA on
knee joint stresses, contact pressures and strains were evaluated. In
study III, effects of the gait cycle loading on the time-, location- and
depth-dependent stresses and strains within intact and bilaterally
meniscectomized knee joints were evaluated. Finally, in study IV,
the effects of different radial tears and partial lateral meniscectomy
of lateral meniscus on the function of the knee joint during the gait
cycle were analysed.
Dissertations in Forestry and Natural Sciences No XXX 39
Mika Mononen: Computational Modeling of Knee Joint Mechanics
40 Dissertations in Forestry and Natural Sciences No XXX
8 Results
The most important results of studies I-IV are summarised in this
chapter. More detailed results can be found in ORIGINAL PUBLI-
CATIONS.
8.1 IMPACT LOADING
8.1.1 Effects of collagen fibril network
Collagen fibril network architecture and properties had significant
roles in distributing the cartilage stresses and strains within a knee
joint (studies I-II). Specifically, the FRPVE model with arcade-like
collagen fibril architecture (study I) predicted high stress concen-
trations at the contact area between the femoral and tibial cartilage
(Figure 8.1, intact), while the stress distributions in the isotropic and
transverse isotropic models were more homogenous (See ORIGI-
NAL PUBLICATION I). In the case of early OA (study I), stresses
were increased in the middle and deep zones of cartilage above
and below the menisus and decreased at the contact area between
the femoral and tibial cartilage. In the advanced OA (study I), the
decrease in stresses at the contact area between the femoral and tib-
ial cartilage was amplified, while a significant increase of meniscal
stresses was shown (Figure 8.1, Early and Advanced OA). In the
case of ACT repair (study I), soft collagen fibrils in the repair area
increased stresses especially at the interface between the adjacent
tissue and the repair area and decreased the stresses at the contact
area between the femoral and tibial cartilage. Stiffer and randomly
organized collagen fibrils at the repair area increased stresses es-
pecially in the deep zone of the repair tissue (Figure 8.1, Cartilage
repair).
Local superficial strains in the femoral cartilage were smallest
in the direction of split-lines (Figure 8.2) (study II). Obviously, the
largest strains were predicted in the model with OA. Highest strains
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in the anterior-posterior direction were predicted in the models
with normal and medial-lateral split-line patterns compared to mod-
els with random or anterior-posterior split-lines, whereas local strains
in the medial-lateral direction exhibited inverse characteristics (Fig-
ure 8.2).
Maximum values of stress, strain, contact pressure and pore
pressure were predicted at the medial compartment of the femoral
cartilage, except in the model of OA, where peak contact pres-
sures and maximum principal stresses were transferred to the lat-
eral compartment. The highest strain and the smallest contact pres-
sure and pore pressure were predicted in the OA area. In the
model with normal split-line patterns, maximum/minimum prin-
cipal strains were smallest, while the smallest fibril strains were
predicted in the model with the medial-lateral split-line patterns.
Figure 8.1: Depth-wise stress distributions within intact, degenerated and repaired knee
joints after axial load of 700 N. In cartilage repairs, left and right figures indicate differ-
ences in ACT repaired tissue (See explanations from the boxes below figures.).
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Figure 8.2: Effect of different split-line patterns on the local cartilage strains. First row
indicates surface strain distributions of femoral cartilage in the anterior-posterior (E1)
direction and second in the medial-lateral (E3) direction.
Table 8.1: Parametric comparison of maximum/minimum surface stresses and strains be-
tween the models with different split-line patterns of femoral cartilage.
PARAMETER N AP ML R OA
max [%] 9.3 12.7 10.0 12.0 21.8
min [%] -10.9 -11.6 -12.1 -10.9 -31.0
fibril [%] 1.7 2.0 1.0 2.3 4.3
smax [MPa] 9.2 11.1 7.2 12.8 10.4
cpress [MPa] 16.1 15.4 16.4 15.5 5.7
pore [MPa] 10.8 10.6 10.8 10.7 6.5
Abbrevations:
max = Maximum principal strain N = Normal split-lines
min = Minimum principal strain AP = Anterior-posterior split-lines
fibril = Fibril strain ML = Medial-lateral split-lines
smax = Maximum principal stress R = Random split-lines
cpress = Contact pressure OA = Medial OA
pore = Pore pressure
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8.2 GAIT CYCLE LOADING
8.2.1 Intact knee joint
During the gait cycle, stress concentrations within the intact knee
joint were greatly altered between the lateral and medial compart-
ments (Figure 8.3 and 8.4)(study III). At the first peak loading (20%
of the gait), i.e., the loading response, high stress concentrations
were shown at the medial compartment. Stresses were the highest
in the interior medial tibial and the medial femoral condyle. In the
lateral compartment, high stress levels were predicted at the mid-
central location of lateral tibia and interior side of lateral meniscus
(Figure 8.3, 0.2). At the second peak loading (80% of the gait), i.e.,
terminal extension, stresses were more evenly distributed between
the lateral and medial compartments (Figure 8.3, 0.8). Similar be-
haviour as with stress was predicted also with strain, contact pres-
sure and pore pressure (See ORIGINAL PUBLICATION III).
During the loading response, depth-wise fibril strains in the su-
perficial and middle zones were higher at the medial than lateral
side in the tibial cartilage. In the interface between bone and car-
tilage, fibril strains were similar between lateral and medial sides
(Figure 8.4). During terminal extension, the lateral and medial sides
experienced similar fibril strain in the superficial cartilage tissue,
whereas fibrils strains in the deeper cartilage were higher in the
medial side (Figure 8.4).
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Figure 8.3: Stress distributions within the intact knee joint during a gait cycle loading.
Values in each subfigure indicate the fraction of the gait cycle.
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Figure 8.4: Average depth-wise fibril strains (Equation 3.28) at five different depth-wise
locations during a gait cycle. Left and right figures indicate fibrils strains at the lateral
and medial sides of tibial cartilage, respectively.
8.2.2 Radial tears and partial and bilateral meniscectomy
Radial tears in the lateral meniscus did not alter significantly the
stress, strain, contact pressure and pore pressure values on the sur-
face of tibial cartilage. Instead the model with partial lateral menis-
cectomy predicted increases of ∼40%, ∼20%, ∼50% and ∼40% in
the aforementioned parameters, respectively, especially during the
loading response (study IV) (Figure 8.5). Due to bilateral meniscec-
tomy, the maximum increase of ∼200% in stresses was predicted at
the lateral compartment during the loading response, whereas at
the medial compartment, a maximum increase of ∼30% in stresses
was predicted during terminal extension (Figure 8.5). However, in
the models with radial tears, maximum stress increases of ∼300-
1500% were predicted specifically at the end of each tear, compared
to values from identical location of intact lateral meniscus (Figure
8.5). The highest stress increase was detected at the end of anterior
tear.
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Figure 8.5: Summary of the effects of radial tears, partial and bilateral meniscectomy on
the stress distributions (left column), average tibial surface stresses (middle columns) and
stresses in the node at the end of radial tear (right column) within the knee joint during
the gait cycle loading. Stress distributions represent the time during the loading response
(20% of the gait).
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9 Discussion
9.1 EFFECTSOF COLLAGENORIENTATION, CARTILAGEDE-
GENERATION AND ACT REPAIR
In study I, stresses and strains in the knee joint with intact, de-
generated and ACT repaired cartilage were studied. In the intact
knee joint, due to the arcade-like collagen fibril network [22, 100,
144, 158, 180], high tensile stresses and fibril strains were predicted
to be present in the superficial zone of cartilage at the cartilage-
cartilage contact interface. Superficial fibrillation of cartilage, indi-
cating changes characteristic to early OA [31, 33], reduced stresses
at the cartilage-cartilage contact interface. At the same time, the
stresses were increased in middle-deep zone of cartilage above and
below the meniscus. The decreased stresses can be explained by
the lost tangentially oriented fibrils in the superficial zone, which
caused a decrease in fibril tensions. On the other hand, reduced ten-
sile and dynamic compressive strength [79] in the superficial zone
increased stresses and fibril strains in the middle-deep zone. In the
model of advanced OA, PG depletion, increased fluid content and
the more extensively impaired collagen fibril network together am-
plified the decrease of stresses in the superficial zone of cartilage.
Since these alterations increased cartilage deformations, the menis-
cal tissue and some specific locations in the deep zone of cartilage
above and below meniscus experienced substantial stress increases.
In the models with cartilage repair tissue, the collagen fibril stiff-
ness and orientation in the repair area controlled stress variations
within the repair and adjacent tissue. In the model with relatively
soft fibrils in the repair area, an increase of stresses was predicted
especially in the adjacent tissue of the transplanted lesion. In the
model with relatively high fibril stiffness and random fibril orien-
tation in the repair area, the increase in the stresses was transferred
to the mid-deep zone of the repaired area, but shear forces between
the repair tissue and adjacent cartilage were minimized. These re-
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sults indicate that impaired collagen fibril network in the repair
area may produce nearly normal cartilage stresses if the repair tis-
sue exhibits high enough tensile siffness. However, due to the lack
of the arcade-like collagen fibril architecture in the repair tissue,
high tensile stiffness may still lead to a high risk for tissue rupture,
especially at the repaired cartilage-bone interface. On the other
hand, softer repair tissue may expose the intact adjacent cartilage
tissue into failure and possible degeneration. These results sug-
gest that moderate stiffness of collagen fibrils in the repair area is
important for normal joint function, however a normal arcade-like
collagen fibril architecture may be even more important.
9.2 EFFECTSOF SPLIT-LINE PATTERNS ANDMEDIAL FEMORAL
OA
In study II, function of the knee joint under impact loading was
evaluated with different split-line patterns of femoral cartilage and
medial femoral OA. In the present knee joint geometry, due to the
axial type of loading without any rotation, the highest compressive
forces were produced on the medial femoral condyle. This could
initiate a risk for degeneration of medial cartilage [103,127,183]. In-
terestingly, different split-line patterns of femoral cartilage caused
only minor effects in contact and pore pressures, while fibril strains
and maximum principal stresses and strains were affected by the
split-lines. Obviously, superficial strains were minimized in the di-
rection of split-lines, being consistent with a previous finding [100].
As expected, the normal split-lines of femoral cartilage produced
the smallest maximum/minimum principal strains within the carti-
lage, indicating an explanation why superficial collagen fibrils have
their characteristic arrangement. In the model of medial OA, the
most significant alterations in stresses and strains were predicted.
These can be explained by elevated deformation of medial femoral
condyle due to softened tissue caused by cartilage degeneration.
Obviously, this caused high strains and low contact and pore pres-
sures in the medial side, while at the same time, the healthy lat-
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eral femoral condyle experienced high fibril strains and maximum
principal stresses. This may indicate that in the long run, advanced
medial OA may initiate the development of post traumatic OA in
the lateral side of the knee joint.
9.3 EFFECT OFGAIT CYCLE LOADING IN INTACT, INJURED
AND SURGICALLY OPERATED KNEE JOINT
In study III, gait cycle loading [58,66,88,90] produced alterations in
stresses and strains between the lateral and medial compartments
of the intact knee joint. During loading response, i.e., first peak
force, high stresses and strains were predicted at the medial com-
partment of the knee joint, whereas during terminal extension, i.e.,
second peak force, stresses and strains were more even between the
lateral and medial compartments. This phenomenon may suggest
that either the medial cartilage has become adapted to withstand
higher loading compared to lateral cartilage or risk for the onset of
OA is higher at the medial than lateral cartilage.
It has been proposed by many authors [15, 29, 155] that the risk
for the development of OA is related to high tibiofemoral loads
in the medial compartment of the knee joint. In study III, higher
stresses and strains were predicted on the medial than lateral joint
surface, especially during the loading response. As stated above,
this may indicate a potential risk for the development of OA. On
the other hand, the cartilage layers in the medial and lateral knee
joint surfaces may be adopted to different loading forces. Thus,
absolute stress and strain values for cartilage failure and onset of
OA may vary in different anatomical locations.
In study IV, the effects of radial tears were studied. In the mod-
els with radial tears, a significant increase of stresses was predicted
to occur at the ends of the tears, suggesting potential risks for devel-
opment of total meniscal ruptures. The highest risk for the develop-
ment of total meniscal rupture was predicted in the knee joint with
anterior radial tear of lateral meniscus. Interestingly, meniscal tears
did not affect the surface stresses and strains of tibial or femoral
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cartilage. Similar findings were produced in earlier experimental
studies [17, 18].
During the loading response, the bilateral meniscectomized and
partial lateral meniscectomized knee joint models (studies III-IV)
produced substantial stress increases in the lateral compartment as
compared to the intact knee joint model. This was consistent with
earlier experimental and modelling studies [17,18,129,130,159,190].
During the terminal extension, stresses in the menicectomized knee
joint models were nearly the same as in the intact knee joint mod-
els. Interestingly, during the loading response, the bilateral menis-
cectomy produced ∼200% higher increase in stresses than partial
meniscectomy. To conclude, these model predictions suggest that
the highest risk for onset of OA due to meniscectomy occurs in the
lateral knee joint compartment during the first 50% of the gait cycle
and surgical repair operations conducted by partial meniscectomy
should be evaluated with great caution, i.e., excessive remove of
meniscal tissue should be avoided.
9.4 VALIDITY OF MODELS
The isotropic elastic or hyperelastic poroelastic material models
of cartilage [13, 117, 175, 182] do not consider the effects of tissue
anisotropy caused by depth-dependent collagen fibril network and
proteoglycans. Therefore, even though isotropic material models
may moderately capture the total tissue response at equilibrium
and mimic the mechanical response of the tissue at the cartilage sur-
face (reaction force, stress, strain, displacement) [6,117], these mod-
els should not be used for estimating time-dependent and depth-
wise stresses or strains within the tissue. In the transversely isotropic
poroelastic or conewise linear elastic mixture models of cartilage
[42, 163, 175, 182], different compression and tension properties of
cartilage are considered and the time-dependent response of the tis-
sue can be captured. However, these models are typically homoge-
neous. In contrast to aforementioned models of cartilage, fibril re-
inforced models separate the collagen fibrils, PGs and fluid [77,100,
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180, 181]. In some fibril reinforced models [76, 78, 78, 137, 138, 144],
sample or even patient-specific collagen fibril architectures, based
on microscopy or imaging, have also been considered. The current
FRPVE material model of cartilage successfully captures character-
istic dynamic, static and time-dependent responses of cartilage, as
obtained using in vitro stress-relaxation and creep tests [77,180,181].
Additionaly, the FRPVE model includes the arcade-like collagen fib-
ril architecture. It can thereby address the effect of collagen fibrilla-
tion, characteristic of changes in the collagen archietecture during
early or advanced stages of OA (Figure 8.1). One of the limitations
of the used FRPVE material is the lack of the depth-dependent PG
content and tissue swelling caused by PG’s. Currently, the most
sophisticated fibril reinforced cartilage models [79, 179] consider
the sample-specific fluid fraction, collagen content and orientation,
PG distribution and swelling. However, during dynamic or impact
knee joint loading, PGs have been suggested to have only a minor
role in controlling the stresses and strains within the cartilage [89].
Thus, the present predictions are believed to be valid without the
inclusion of the depth-dependent PG content.
For validation of the present 2D knee joint model (study I), con-
tact pressure and supporting role of meniscus were compared to
experimental measurements. In earlier experimental studies [3,109,
112,114,142,169,170], contact pressure values have varied between 4
MPa and 34 MPa with varying loading forces of 700-2400 N. In the
current study, similar values for contact pressure were measured
(∼10 MPa in the intact knee). It has been shown that meniscus
has a significant role in decreasing cartilage stresses. Furthermore,
during specific experimental loading conditions, several millimeter
displacements of the meniscus have been measured [110,176]. In the
current work, the axial joint loading of 700 N produced meniscus
displacements of less than 2 mm, whereas meniscectomy increased
stresses substantially within the contact area. These observations
suggest that the boundary conditions for the meniscus in use (a
stiff spring between the anterior and posterior meniscal parts) was
adequate. A similar spring attachment has been used also in a pre-
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vious study [141].
In study II, contact pressures and meniscal movements were
compared to experimental studies similarly as in study I. In the
current models, the maximum contact pressures varied between
6 MPa and 16 MPa, while the maximum meniscal displacements
were less than 1 mm. These are consistent with the previous ex-
perimental studies [3, 69, 109, 110, 112, 114, 176]. Furthermore, bi-
lateral meniscectomy increased contact pressures by 60-70% on the
surface of femoral cartilage, being consistent with previous stud-
ies [55, 110]. This suggests that the present material properties
[48,105,190] and boundary condition for menisci (horns were fixed
with springs [48, 105, 190]) were adequate for simulating the knee
joint function during axial loading.
The knee joint model with the implemented gait cycle data (stud-
ies III-IV) was validated by comparing the free varus-valgus ro-
tation of the model to experimental results [80, 90]. Interestingly,
similar varus-valgus rotation was predicted as in the experimental
studies, indicating that geometry of the knee, including joint sur-
faces and menisci, may have major influences in modulating varus-
valgus rotation of the knee joint. During the gait cycle loading,
the peak stress locations on the lateral side remained constant in
anterior-posterior direction, whereas anterior-posterior peak stress
locations at the medial side were strictly controlled by the femoral
movements with respect to the tibia. Similar findings were reported
earlier [90]. This suggests that the implemented gait cycle can be
considered to be feasible.
Due to the gait cycle input, meniscal movements were slightly
increased from that during the axial loading. In the current models,
the highest radial meniscal displacements of ∼2 mm and ∼2.5 mm
were predicted during the loading response at the lateral meniscus
and during the terminal extension at the medial meniscus, respec-
tively. In an experimental study [176], corresponding values were
3.6 mm (∼2.3 SD) and 3.7 mm (∼1.7 SD), respectively. Further
validation was conducted similarly as in studies I-II by compar-
ing contact pressures to the experimental results. The maximum
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contact pressure computed at the contact area of femoral and tibial
cartilage was less than 20 MPa in all models with gait cycle in-
put. These values are consistent with previous experimental find-
ings [3, 109, 112, 114,142,169,170].
9.5 LIMITATIONS OF MODELS
Some limitations of the models should be discussed. Even though
in the real knee joint some fluid flow may occur through the car-
tilage surfaces, especially in regions without contact, no fluid flow
through the cartilage surfaces was allowed in studies I-IV. Due to
impact and dynamic joint loading (loading times between 0.1 - 0.6s),
as implemented in all models, fluid has only a limited time to flow
through joint surfaces. Therefore, it may be neglected. This as-
sumption would not be applicable if one simulates long term static
loading.
The present values for the FRPVE material properties (studies I-
IV) were not patient-specific. Instead these material properties were
taken from previous experimental studies [77, 180, 181]. Therefore,
the exact values of predicted stresses and strains may be inaccurate,
even though stress distributions should remain quite similar. Fur-
thermore, the mechanical properties of cartilage matrix show to-
pographical variation (femoral/tibial cartilage, anterior/posterior,
medial/lateral) within the knee joint [79, 92]. In the current stud-
ies, cartilage properties were site-independent, except in the areas
where cartilage degeneration was observed and in the autologous
chondrocyte transplanted cartilage tissues. This also causes some
minor variations in the model predictions. Since the material prop-
erties due to cartilage repair and degeneration, as well as stresses
and strains of cartilage due to meniscectomies were in accordance
with the literature [3, 33, 55, 80, 90, 92, 109, 110, 112, 114, 142, 151, 169,
170, 174, 176], the present conclusions of the thesis should still be
valid, even though the location-dependent and patient-specific ma-
terial properties were not used.
The mesh densities used in 3D studies (studies II-IV) were less
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than those utilized in the 2D study (study I). This limitation may
cause uncertainties in the depth-dependent analysis of stresses and
strains, especially those caused by the collagen fibril architecture
within the tissue. Before the final simulations, a convergence test
was performed to ensure that large differences between the differ-
ent mesh densities were not observed. The knee joint models with
four and eight depth-wise elements (including a doubled mesh den-
sity in the surface direction) produced similar pore pressure distri-
butions on the cartilage surface. Between the models, the maximum
and average pore pressure values differed less than 5%. Thus, the
mesh density utilized in this current study was adequate for this
current study.
It has been shown that during axial loading, as used in studies
I-II, anterior-posterior movement between femur and tibia can oc-
cur [156,171]. We did not account for this movement, but in studies
I-II, the effect of ligaments was simplified by restricting the rela-
tive movements of femur with respect to tibia, similarly as in other
published studies [61, 129, 160]. The lack of ligaments may also be
considered as a limitation in studies III-IV. For instance, if the effect
of ACL injury would be simulated, the knee joint movement should
be implemented by the rotation torques and translation forces. In
such cases, due to the lack of restriction of ligaments, our model
is not feasible. However, when input loading is implemented by
the rotations, translations and joint forces, the effect of ligaments is
indirectly included in these boundary conditions.
In studies III-IV, free varus-valgus rotation was allowed. This
produced nearly identical reaction forces between the lateral and
medial compartments of the knee joint. On the other hand, in recent
studies [188,189], nearly constant loading of ∼60% of the total knee
joint force was measured at the medial compartment of the knee
joint during a gait cycle. However, it has been shown that this
load distribution between the lateral and medial compartments may
vary from patient to patient [113].
The gait cycle data and the geometry of the used knee joint were
not matched, i.e., they were not from the same subject. However,
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the gait cycle data was an average of several healthy patients. This
was considered to provide an adequate estimation of the knee joint
movements for the knee joint of a healthy patient.
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10 Summary and conclusions
In this thesis, fibril reinforced poroelastic materials were imple-
mented in 3D knee joint models to evaluate stresses and strains
within intact, degenerated, repaired, injured and surgically oper-
ated knee joints under different loading conditions (impact loading,
walking). In particulary, the use of the FRPVE material for cartilage
tissue made possible to evaluate the effects of cartilage structure (es-
pecially collagen fibril network) on the knee joint mechanics. The
main conclusions of this thesis can be summarized as follows:
1. Depth-dependent collagen fibril architecture and stiffness of
cartilage have significant roles in distributing the stresses and
strains within the intact, degenerated and repaired knee joint
cartilage.
2. Superficial collagen fibril patterns, i.e., split-lines minimize
the maximum principal strains of cartilage in a knee joint. OA
in the medial femoral condyle creates a possible risk location
for post-traumatic OA in the lateral femoral cartilage.
3. The highest stresses due to high fibril strains of cartilage occur
during the loading response of the gait cycle on the medial
side of the knee joint. The balance of stresses and strains is
evenly distributed between lateral and medial compartments
during the last 50% of the gait cycle.
4. During the loading response of the gait, radial tears of lateral
meniscus produce significant increases in stresses at the ends
of tears, highlighting the possible risks for the development
of total meniscal ruptures, especially at the anterior meniscus.
Partial lateral meniscectomy evokes a substantial increase in
the stresses and strains in the lateral tibial cartilage during the
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first 50% of the gait cycle. This points to a high risk for the
onset of OA in the lateral tibial cartilage.
If patient-specific information of knee joint geometry and rela-
tive knee joint translations, rotations and joint forces are available,
the presented method in studies III-IV may be used for estimating
knee joint stresses and strains in a patient-specific manner. This
kind of tool may be used pre-operatively for evaluating the out-
comes of different surgical operations, such as partial meniscec-
tomy or osteotomy.
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